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A broad continuum-like spin excitation (1–10 meV) with a peak structure around 2.4
meV has been observed in the ferroelectric ab spiral spin phase of Gd0.7Tb0.3MnO3 by using
terahertz (THz) time-domain spectroscopy. Based on a complete set of light-polarization
measurements, we identify the spin excitation active for the light E vector only along the
a-axis, which grows in intensity with lowering temperature even from above the magnetic
ordering temperature but disappears upon the transition to the A-type antiferromagnetic
phase. Such an electric-dipole active spin excitation as observed at THz frequencies can be
ascribed to the two-magnon excitation in terms of the unique polarization selection rule in
a variety of the magnetically ordered phases.
KEYWORDS: electric-dipole active two-magnon excitation, electromagnon, spin excitation,
magnon, multiferroics, terahertz time-domain spectroscopy
There has been continuous interest in revealing the low-energy electrodynamics in solids
with electric and/or magnetic order. A typical example is the soft mode of the displacement
type ferroelectrics, as manifested in the complex dielectric constant spectrum ǫ(ω), as a re-
sponse of the light electric field Eω. The spin excitation in (anti)ferromagnets driven by the
magnetic field of light Hω, characterized by the complex magnetic permeability spectrum
µ(ω), is another typical example. Recently, the presence of the spin excitation driven by Eω
rather than Hω was proposed to explain the optical spectra at terahertz (THz) frequencies of
the ferroelectric magnet,1 orthorhombically distorted perovskite manganite, TbMnO3.
2 Such
an electric-dipole active spin excitation, as theoretically anticipated to exist,3 is now referred
to as electromagnon.2 In the magnetically driven ferroelectric phase of TbMnO3,
4, 5 the spi-
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ral spin order has been experimentally confirmed,6 being consistent with the spin-current
mechanism7 or the inverse Dzyaloshinskii-Moriya effect;8, 9 the electric polarization Ps can be
generated, as formulated as Ps ∝
∑
<ij> eij× (Si×Sj), where eij is the unit vector connecting
to the neighboring spins, Si and Sj (left panel of Fig. 1). Noticeably, Ps can be flopped from
the c- to a-axis for TbMnO3 and DyMnO3 [see Fig. 1(a)] when the magnetic field H exceeds
the critical value Hc.
4, 5 This can be regarded as H control of the spiral spin plane from bc to
ab.
Up to date, the electromagnon or electric-dipole active spin excitation was argued to
emerge in ǫ(ω) around 2 meV in a family of RMnO3 (R = Tb, Dy, Gd, and Eu1−xYx with
nominal composition x) by the THz or far-infrared optical spectroscopy.2, 10–13 As the origin of
this excitation, the rotation mode of the spiral spin plane was theoretically considered on the
basis of the spin-current mechanism.14 Such a rotation mode should become active when Eω
is set perpendicular to the spiral spin plane. In fact, a remarkable spin excitation with a peak
structure around 3 meV is observed in ǫ(ω) for Eω ‖ a in the bc spiral spin phase of TbMnO3
in zero H.2 In a recent inelastic neutron scattering study, one of low-energy branches of the
magnon band was assigned to the Eω ‖ a electromagnon around 2.5 meV at k = 0, and hence
to the rotation of the spiral spin plane.15 However, this issue remains controversial by a recent
observation that the spin excitation for Eω ‖ a in DyMnO3 well survives in the H-induced
ab spiral spin phase.11 Furthermore, the analogous absorption is observed also for Eω ‖ a in
Eu1−xYxMnO3 even though Ps in this system emerges along the a-axis in zero H.
12, 13
To settle the above ambiguous situation of the experimental results of the electric-dipole
active spin excitation, we here investigate a complete set of light-polarization dependence of
the optical spectra at THz frequencies for Gd0.7Tb0.3MnO3, which hosts a variety of thermally
induced phases, including the ab spiral spin phase [see Fig. 1(b)]. We observed in this study
that the spin excitation is strongly active only for the light E vector along the a-axis and
hence it cannot be ascribed to the rotation mode of the spiral spin plane. The electric-dipole
active two-magnon process can qualitatively explain the observed characteristics of the spin
excitations in a variety of thermally induced spin phases.
Since spin excitations may be driven by either Eω or Hω in a family of RMnO3, it is indis-
pensable to measure the complete set of optical spectra for the isolation of the components of
ǫ and µ. The phase diagram for Gd0.7Tb0.3MnO3 in a plane of T and H is reproduced in Fig.
1(b).16 The paraelectric (PE) collinear spin order evolves along the b-axis below TMnN = 42 K,
as in the similar manner to other RMnO3.
4, 5 Below the ferroelectric (FE) transition temper-
ature Tc = 24 K (Ps ‖ a), the ab spiral spin order was recently identified by polarized neutron
scattering experiments,17 as schematically shown in the left panel of Fig. 1. Furthermore, the
modulation wavenumber qMnb of Mn spins along the b-axis was found to be 0.25, which is
identical to qMnb of the FE ab spiral spin phase of TbMnO3 induced by H.
18 Accordingly, the
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H induced ab spiral spin phase of TbMnO3 [Fig. 1(a)] smoothly connects to the thermally
induced ab spiral spin phase of Gd0.7Tb0.3MnO3 [Fig. 1(b)]. Below T
WFM
N = 15 K, Ps vanishes
and the A-type antiferromagnetic (AFM) phase is formed with a weak ferromagnetic moment
along the c-axis as a result of the spin canting. Therefore, Gd0.7Tb0.3MnO3 can provide the
ideal platform for further getting the insights into the nature of the spin excitation, especially
in the ab spiral spin phase, as realized in TbMnO3 in high H.
We employed the THz time-domain spectroscopy in a transmission geometry. The direction
of the light polarization was carefully set parallel to the crystallographic axis with use of wire
grid polarizers. We estimated the complex optical constants n˜ (=
√
ǫµ) from transmission
measurements for that the contribution of µ to the Fresnel coefficient was confirmed to be
negligible in the case of the thick samples. Details of our experimental setup and the validity
of adopting ǫµ(ω) are described in detail in ref. 11. The single-crystalline samples were grown
by a floating zone (FZ) method.16 Thin plates with wide ac, ab, and bc faces were cut and
polished to the thickness of 100–700 µm.
First, we overview the selection rule of the spin excitation based on the complete set of
the light-polarization (both Eω and Hω) measurements using available ac-, ab-, and bc-surface
crystal plates. In Fig. 2 we present the temperature (T ) variation of ǫµ spectra (closed circles)
in A-type AFM (T < 15 K), FE ab spiral spin (Ps ‖ a; 15 K < T < 24 K), PE collinear spin
(24 K < T < 42 K), and PE paramagnetic (42 K < T ) phases. The upper and lower panels
show the real and imaginary parts of ǫµ spectra, respectively. There are spectral similarities
in the observed light-polarization dependence, apart from in the A-type AFM phase, to those
of DyMnO3 in zero H.
11 Especially, in the FE ab spiral spin phase, the broad continuum-like
absorption, that was assigned to the electric-dipole active spin excitation or electromagnon in
the FE bc spiral spin phase of RMnO3,
2, 11 can be clearly seen in Im[ǫµ] spectra around 2.4
meV when Eω was set parallel to the a-axis [Figs. 2(a) and 2(b)]. Accordingly, it yields the
large optical anisotropy of Re[ǫµ] in the lowest energy region. Incidentally, there is a difference
in the magnitude of Im[ǫµ] for Eω ‖ a using ac- and ab-surface crystal plates. We carefully
checked the reproducibility of ǫµ spectra by changing the thickness of the samples. Even
though thin plates were cut from the nearly same region (∼ 1 cm3) of the FZ crystal, such a
discrepancy may arise from a slight difference of x in respective plates, as Gd0.7Tb0.3MnO3
locates close to the bicritical point between competing FE and PE phases in a plane of x−T .16
However, discussions described below are not affected qualitatively by these discrepancies. In
the following, we clarify the selection rule of the spin excitation in a variety of thermally
induced phases.
In the A-type AFM phase at 10 K, a sharp peak structure can be seen around 2.2 meV
in Im[ǫµ] spectrum for Eω ‖ c and Hω ‖ a with a clear dispersion in Re[ǫµ] spectrum [Fig.
2(d)]. This absorption can be ascribed to the spin excitation driven by Hω ‖ a, since the
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nearly same spectral signature can be also identified in ǫµ spectrum at 10 K for Eω ‖ b
and Hω ‖ a [Fig. 2(e)]. We also observe the sharp peak structure at 10 K for Eω ‖ b and
Hω ‖ c [Fig. 2(f)], which is also discerned in ǫµ spectrum at 11 K for Eω ‖ a and Hω ‖ c
[Fig. 2(a)], clearly indicating that there is also spin excitation driven by Hω ‖ c. Below 15 K,
the ferromagnetic moment (∼ 0.2 µB/Mn-site) appears along the c-axis, activating the spin
excitation for Hω ‖ c [Fig. 1(a)]. These spin excitations can be interpreted as AFM resonances
(AFMRs) of Mn ions, which are also seen in canted AFM phases of Eu0.9Y0.1MnO3 for H
ω ‖ a
(ref. 13) and La1−xSrxMnO3 (x < 0.1) for H
ω ‖ c (ref. 19). In fact, the k = 0 magnon in
the A-type AFM phase of LaMnO3 locates around 3 meV.
20 Therefore, the ǫµ spectrum is
considered to consist of a sharp resonance for µ and broad background absorption for ǫ, which
can be phenomenologically expressed with two Lorentz oscillators (solid lines in Fig. 2). In
the ab spiral spin phase above 15 K, such AFMRs still survive while the peak position shifts
to the lower-energy. Further investigations on AFMRs are beyond the scope of this work, and
in the following we focus on the spin excitation driven by Eω.
In the PE paramagnetic phase (e.g., at 201 K), no remarkable absorption is visible in
Im[ǫµ] spectrum for Eω ‖ a and Hω ‖ c, as shown in Fig. 2(a). With decreasing T , the
broad continuum-like absorption, as ascribed to the spin excitation, is clearly identified in
the PE collinear spin phase below TMnN ∼ 42 K, as exemplified by ǫµ spectrum at 33 K.
By comparing this with the ǫµ spectrum at the same T (33 K) for Eω ‖ a and Hω ‖ b
[Fig. 2(b)], this continuum-like intense band can be identified to be electric-dipole active only
for Eω ‖ a. Apparently, it shows up even above TMnN = 42 K as a Debye-like absorption, the
characteristic energy of which is estimated to be ∼ 2.9 meV, as indicated by solid lines in Figs.
2(a) and 2(b). In the vicinity of Tc = 24 K, the spin excitation for E
ω ‖ a grows in intensity
and forms low- and high-lying peak structures around 2.4 meV and 8 meV, respectively, as
seen in ǫµ spectrum at 23 K [Fig. 2(a)]. The position of the low-lying peak structure (∼ 2.4
meV) is nearly identical to those observed for other RMnO3.
2, 10–13 At 17 K when the FE ab
spiral spin order is fully developed, the magnitude of Im[ǫµ] reaches the maximum ∼ 4. The
corresponding optical conductivity is about 1.4 Ω−1cm−1, being of the same order of other
RMnO3 (1–3 Ω
−1cm−1).2, 10–13 The ǫµ spectrum can be reproduced by two Lorentz oscillators
for low- and high-lying peak structures (solid lines). It yields Re[ǫ(ω → 0)] of ∼ 24, being
comparable with the value of Re[ǫ] measured at 1 kHz (∼ 30). As further decreasing T below
15 K at which the A-type AFM is realized, Im[ǫµ] is considerably suppressed. At 11 K, the
finite peak structure is still visible [Fig. 2(a)], which is due to the presence of µ component
driven by Hω ‖ c, as described before. This is firmly supported by the fact that there is no
discernible peak absorption at 11 K for Eω ‖ a and Hω ‖ b [Fig. 2(b)].
To be more quantitative, we show in Fig. 3 the T dependence of the integrated spectral
weight per Mn-site (Neff) defined as, Neff =
2m0V
pie2
∫ ω2
ω1
ωIm[ǫ(ω)µ(ω)]dω, where m0 is the
4/??
J. Phys. Soc. Jpn. Letter
free electron mass, e the elementary charge, and V the unit-cell volume. We chose ω1 = 1.8
meV and ω2 = 6.2 meV to characterize the spin excitation. For comparison, we also plot
Neff for E
ω ‖ b and Hω ‖ a (triangles) and for Eω ‖ c and Hω ‖ a (circles). By the above
definition, Neff includes the contribution of µ component driven by H
ω, which is however
very small and crudely estimated to be 0.04 × 10−4 and 0.05 × 10−4 for Hω ‖ c and Hω ‖ a,
respectively, at 10 K. These values are obtained from Im[µ] spectrum, which is extracted from
Im[ǫµ] = Re[ǫ]Im[µ] + Im[ǫ]Re[µ] by assuming two Lorentz oscillators for ǫ and µ. Neff for
Eω ‖ a increases from well above TMnN and sharply enhances around TMnN . This is in contrast to
Neff for E
ω ‖ b and Eω ‖ c, both of which are nearly T -independent but turn to increase below
TMnN , as presented on a magnified scale in the inset of Fig. 3. Such enhancement mainly arise
from the evolution of µ component by Hω ‖ a, as mentioned above. As further decreasing T ,
Neff for E
ω ‖ a reaches the maximum in the FE ab spiral spin phase. Namely, the anisotropy
ratio of Neff polarized along the a-axis to other axes increases from ∼ 3 at 250 K to ∼ 16
around Tc. Note that there is discerned the appreciable a-polarized absorption above T
Mn
N ,
manifesting the persistent spin fluctuation. Finally, Neff is considerably suppressed in the
A-type AFM phase below TWFMN = 15 K.
In the ab spiral spin phase, the rotation mode of the spiral spin plane is expected to be
electric-dipole active for Eω ‖ c,14 as recently argued to explain the inelastic neutron scattering
spectrum in the ab spiral spin phase of TbMnO3 induced by H.
21 However, no apparent peak
structure being comparable to the case for Eω ‖ a is found in ǫµ spectra for Eω ‖ c, as we
confirmed by measurements using the ac- and bc-surface crystal plates shown in Figs. 2(d)
and 2(c), respectively. Therefore, the present results can firmly exclude the possibility that
the spin excitation for Eω ‖ a comes from the rotation of the spiral spin plane. Combined
with the results of the negligible effect of H on spin excitations in DyMnO3 for both E
ω ‖ a
and Eω ‖ c (ref. 11), we can conclude that there is a unique selection rule along the a-axis for
the strongly infrared active spin excitations in a family of RMnO3.
As the possible candidate for the strongly dipole-active spin excitation, the two-magnon
process was discussed in the study of DyMnO3 by considering the large mutual fluctuation
within the ac plane, inherent to the AFM interaction along the c-axis.11 In the present work,
the spin excitation for Eω ‖ a also broadly distributes over the measured energy range (1–10
meV) [Fig. 2(a)], while the AFMR of Mn ions or k = 0 magnon driven by Hω ‖ a is only
identified around 2 meV in the narrow energy range (1–4 meV) [Figs. 2(d) and 2(e)]. In the ab
spiral spin phase of TbMnO3 in H = 120 kOe, a recent neutron scattering study has revealed
three branches of the magnon bands around 0.44 meV, 2.2 meV, and 3.06 meV at k = 0.21
Among them, the second mode (∼ 2.2 meV) can be assigned to the k = 0 AFMR we identified
around 2 meV for the case of Hω ‖ a. Apparently, the broad spectral shape for Eω ‖ a cannot
be explained by assuming the k = 0 magnon (Goldstone mode like) alone within the ab plane.
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Therefore, it is reasonable to consider that it reflects the density-of-states of the magnon
band, whose lower and upper edges locate at about 1 and 8 meV, respectively;15 the two-
magnon process is thus most probable for the electrically driven spin excitation continuum
in the measured photon energy.22 In this picture, the low- and high-lying peak structures
can be assigned to van Hove singularities of the two-magnon excitation continuum band. In
k 6= 0, the spin fluctuation still persists well above TMnN , producing the finite Neff , as we indeed
observed here. In the A-type AFM phase, the in-plane two-magnon process is prohibited for
the ab plane ferromagnetic spins;22 this is also consistent with the observed steep reduction
of Neff below 15 K.
In summary, a rich variety of spin excitations (1–10 meV) in thermally induced phases
of Gd0.7Tb0.3MnO3 have been revealed by THz time-domain spectroscopy. We firmly identify
the broad electric-dipole active spin excitation only for Eω ‖ a in the ab spiral spin phase,
clearly excluding the possibility of the rotation mode of the spiral spin plane (one magnon) as
the origin of this excitation. The observed unique characteristics of the spin excitations can
be explained by the electric-dipole active two-magnon process.
Acknowledgements
We thank S. Miyahara and N. Furukawa for fruitful discussions. This work was in part sup-
ported by Grant-In-Aids for Scientific Research (16760035 and 17340104) from the Ministry
of Education, Culture, Sports, Science and Technology (MEXT), Japan.
6/??
J. Phys. Soc. Jpn. Letter
References
1) For recent reviews of ferroelectric magnets: to be published in Special issue of J. Phys. Condens.
Matter.
2) A. Pimenov, A. A. Mukhin, V. Yu. Ivanov, V. D. Travkin, A. M. Balbashov, and A. Loidl: Nat.
Phys. 2 (2006) 97.
3) V. G. Bar’yakhtar and I. E. Chupis: Fiz. Tverd. Tela (Leningrad) 11 (1969) 3242 [Translation:
Sov. Phys. Solid State 11 (1970) 2628].
4) T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y. Tokura: Nature (London) 426
(2003) 55.
5) T. Kimura, G. Lawes, T. Goto, Y. Tokura, and A. P. Ramirez: Phys. Rev. B 71 (2005) 224425.
6) M. Kenzelmann, A. B. Harris, S. Jonas, C. Broholm, J. Schefer, S. B. Kim, C. L. Zhang, S.-W.
Cheong, O. P. Vajk, and J. W. Lynn: Phys. Rev. Lett. 95 (2005) 087206.
7) H. Katsura, N. Nagaosa, and A. V. Balatsky: Phys. Rev. Lett. 95 (2005) 057205.
8) I. A. Sergienko and E. Dagotto: Phys. Rev. B 73 (2006) 094434.
9) M. Mostovoy: Phys. Rev. Lett. 96 (2006) 067601.
10) A. Pimenov, T. Rudolf, F. Mayr, A. Loidl, A. A. Mukhin, and A. M. Balbashov: Phys. Rev. B 74
(2006) 100403(R).
11) N. Kida, Y. Ikebe, Y. Takahashi, J. P. He, Y. Kaneko, Y. Yamasaki, R. Shimano, T. Arima, N.
Nagaosa, and Y. Tokura: to be published in Phys. Rev. B.
12) R. Valde´s Auilar, A. B. Sushkov, C. L. Zhang, Y. J. Choi, S.-W. Cheong, and H. D. Drew: Phys.
Rev. B 76 (2007) 060404(R).
13) A. Pimenov, A. Loidl, A. A. Mukhin, V. D. Travkin, V. Yu. Ivanov, and A. M. Balbashov: Phys.
Rev. B 77 (2008) 014438.
14) H. Katsura, A. V. Balatsky, and N. Nagaosa: Phys. Rev. Lett. 98 (2007) 027203.
15) D. Senff, P. Link, K. Hradil, A. Hiess, L. P. Regnault, Y. Sidis, N. Aliouane, D. N. Argyriou, and
M. Braden: Phys. Rev. Lett. 98 (2007) 137206.
16) T.Goto, Y.Yamasaki, H.Watanabe, T.Kimura, and Y.Tokura: Phys.Rev.B 72 (2005) 220403(R).
17) Y. Yamasaki, H. Sagayama, N. Abe, T. Arima, K. Sasai, M. Matsuura, K. Hirota, D. Okuyama,
Y. Noda, and Y. Tokura: Phys. Rev. Lett. 101 (2008) 097204.
18) T. Arima, T. Goto, Y. Yamasaki, S. Miyasaka, K. Ishii, M. Tsubota, T. Inami, Y. Murakami, and
Y. Tokura: Phys. Rev. B 72 (2005) 100102(R).
19) A. A.Mukhin, V.Yu. Ivanov, V.D. Travkin, A. Pimenov, A. Loidl, and A.M.Balbashov: Europhys.
Lett. 49 (2000) 514.
20) K. Hirota, N. Kaneko, A. Nishizawa, and Y. Endoh: J. Phys. Soc. Jpn. 65 (1996) 3736.
21) D. Senff, P. Link, N. Aliouane, D. N. Argyriou, and M. Braden: Phys. Rev. B 77 (2008) 174419.
22) T. Moriya: J. Phys. Soc. Jpn. 21, 926 (1966).
7/??
J. Phys. Soc. Jpn. Letter
Fig. 1. (Color online) Phase diagrams of (a) TbMnO3 and (b) Gd0.7Tb0.3MnO3, as reproduced from
the data in refs. 4, 5, and 16, with schematic illustrations of the spin structures in bc and ab
spiral spin phases and A-type antiferromagnetic (AFM) phase. In TbMnO3, ab spiral spin phase
(Ps ‖ a) is induced in relatively high H , which smoothly connects to the ab spiral spin phase of
Gd0.7Tb0.3MnO3 in zero H .
Fig. 2. (Color online) Temperature variations of the low-energy electrodynamics of Gd0.7Tb0.3MnO3
in a variety of thermally induced phases. Upper and lower panels show the real and imaginary
parts of ǫµ spectra (closed circles) when Eω and Hω were set parallel to the crystallographic axes
of ac-, ab-, and bc-surface crystal plates. For the case of Eω ‖ a, the ǫµ spectra in the paraelectric
collinear spin phase can be fitted with a Debye relaxation model, and those in the ferroelectric
ab spiral spin phase with two Lorentz oscillators for ǫ, as shown by solid lines. In the A-type
antiferromagnetic phase, the µ component becomes active and the ǫµ spectrum can be fitted with
two Lorentz oscillators for ǫ and µ (solid lines).
Fig. 3. (Color online) Temperature dependence of the spectral weight Neff , defined in the text, of
Gd0.7Tb0.3MnO3 for E
ω ‖ a and Hω ‖ c (squares), for Eω ‖ b and Hω ‖ a (triangles), and for
Eω ‖ c and Hω ‖ a (circles). The solid lines are merely the guide to the eyes. The inset shows the
expanded view below 45 K. The data indicated by circles and triangles in the inset are multiplied
by a factor of 10 for comparison.
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